[1] The East African rift in Ethiopia is unique worldwide because it captures the final stages of transition from continental rifting to seafloor spreading. A recent study there has shown that magma intrusion plays an important role during the final stages of continental breakup, but the mechanism by which it is incorporated into the extending plate remains ambiguous: wide-angle seismic data and complementary geophysical tools such as gravity analysis are not strongly sensitive to the geometry of subsurface melt intrusions. Studies of shear wave splitting in near-vertical SKS phases beneath the transitional Main Ethiopian Rift (MER) provide strong and consistent evidence for a rift-parallel fast anisotropic direction. However, it is difficult to discriminate between oriented melt pocket (OMP) and lattice preferred orientation (LPO) causes of anisotropy based on SKS study alone. The speeds of horizontally propagating Love (S H ) and Rayleigh (S V ) waves vary in similar fashions with azimuth for LPO-and OMP-induced anisotropy, but their relative change is distinctive for each mechanism. This diagnostic is exploited by studying the propagation of surface waves from a suite of azimuths across the MER. Anisotropy is roughly perpendicular to the absolute plate motion direction, thus ruling out anisotropy due to the slowly moving African Plate. Instead, three mechanisms for anisotropy act beneath the MER: periodic thin layering of seismically fast and slow material in the uppermost ∼10 km, OMP between ∼20-75 km depth, and olivine LPO in the upper mantle beneath. The results are explained best by a model in which low aspect ratio melt inclusions (dykes and veins) are being intruded into an extending plate during late stage breakup. The observations from Ethiopia join a growing body of evidence from rifts and passive margins worldwide that shows magma intrusion plays an important role in accommodating extension without marked crustal thinning.
1. Introduction 1.1. Overview [2] Passive margins worldwide are often termed "magmatic margins" because they are characterized by thick sequences of extruded, intruded, and underplated igneous rocks emplaced prior to, or during rifting [e.g., Coffin and Eldholm, 1994; Menzies et al., 2002] . Recent advances in wideangle studies [e.g., Maresh and White, 2005; White et al., 2008] mean that the structures lying beneath the seaward dipping reflectors that traditionally preclude view of the continent-ocean transition beneath passive margins, can now be imaged more clearly. In addition to large volumes of extruded rocks, even larger volumes can be intruded into the continental crust at the time of breakup [e.g., White et al., 2008; White and Smith, 2009] . Less evolved continental rifts, such as the Baikal rift that are not characterized by broad-scale mantle thermal anomalies also show evidence that the lower crust is characterized by high reflectivity and high seismic velocities resulting from magma intrusion [e.g., Thybo and Nielsen, 2009; Nielsen and Thybo, 2009] . Collectively these studies reveal a previously poorly understood role for magma during continental breakup with significant implications for estimation of stretching factors and modeling of sedimentary basins around failed rifts [e.g., Thybo and Nielsen, 2009; Nielsen and Thybo, 2009] .
[3] The Main Ethiopian rift (MER) captures the final stages of the transition between continental rifting and seafloor spreading above a mantle hot spot (Figure 1 ) [e.g., Ebinger, 2005] . The recent Ethiopia Afar Geoscientific Lithospheric Experiment (EAGLE) probed this region using passive and controlled source seismic techniques complemented by gravity and magnetotelluric studies [see, e.g., Bastow et al., 2010, and references therein] . Results from EAGLE imply the presence of high-velocity [Mackenzie et al., 2005; Maguire et al., 2006] , high-density [Tiberi et al., 2005; Cornwell et al., 2006; Mickus et al., 2007] crustal intrusions sourced from a hot, partially molten upper mantle [e.g., Bastow et al., 2005 Bastow et al., , 2008 with possible connection to the deeper African superplume [e.g., Ritsema and van Heijst, 2000; Grand, 2002; Benoit et al., 2006; Montelli et al., 2006; Simmons et al., 2007; Li et al., 2008] . Ongoing magmatic processes in the region are indicated strongly by the presence of crustal melt zones inferred from magnetotelluric study [Whaler and Hautot, 2006] , and the spatial coincidence of seismicity in and around the MER with these zones of inferred partial melt [Keir et al., 2009a] . However, most of the geophysical techniques used to date in Ethiopia are sensitive primarily to bulk crustal properties (crustal thickness, V P , V S etc) that do not unambiguously constrain the geometry of melt beneath the rift.
[4] An SKS shear wave splitting study by Kendall et al. [2005] (Figure 2) shows that the MER is one of the most anisotropic regions worldwide, with splitting delay times (dt) as high as ∼3 s. Intriguingly, the change in orientation of fast SKS waves from the plateau regions to the MER mirrors a shift from N130°E directed extension to N110°E directed extension at ∼2 Ma, when crustal strain localized toward the volcanically active Wonjii Fault Belt (WFB) [e.g., Wolfenden et al., 2004] . Alternatively, analog modeling of deformation in Ethiopia [Corti, 2008] shows that the same evolution in structural trends since the Mid-Miocene can be obtained by uniformly directed N110°E extension of the lithosphere with early border fault structural trends controlled by preexisting lithospheric structural inheritances buried beneath Cenozoic flood basalts, with no need to invoke melt hypotheses. Either way, the SKS results provide compelling evidence to suggest that anisotropy in the MER is sensitive to evolving extensional processes. While SKS studies provide excellent lateral resolution of seismic anisotropy, depth resolution is relatively poor [e.g., Bastow et al., 2007] . Discrimination between olivine lattice preferred orientation (LPO), fossil lithospheric anisotropy, and anisotropy due to oriented melt pockets (OMP) also remains enigmatic and it is here that this study seeks improvement.
[5] Surface waves are an ideal tool for studying the depth-dependent Earth structure along given azimuths on the Earth's surface. Rayleigh waves sample S V and Love waves sample S H , and are sensitive to the mechanisms of anisotropy. Regional surface wave study to date in Ethiopia has been limited to isotropic Rayleigh wave analysis that provides support for upper mantle low velocities beneath Afar [Knox et al., 1998; Debayle et al., 2001; Pasyanos and Nyblade, 2007; Priestley et al., 2008] . When analyzed jointly with receiver functions, surface wave study shows that V S is 3.6-3.8 kms −1 in the lowermost crust and 4.3 kms −1 in the uppermost mantle, both 0.3 kms −1 lower than in the eastern and western branches of the East African Rift System to the south [Dugda et al., 2007; Keranen et al., 2009] . By analyzing the interstation phase velocities of Rayleigh and Love waves across the MER we provide strong evidence for melt intrusion related OMP-type anisotropy in the MER lithosphere. These observations corroborate the inferences of other geophysical studies and lend support to geochemical analyses of Quaternary eruptives that point toward the existence of a dyked/ veined plumbing system beneath the MER [e.g., Rooney et al., 2005 Rooney et al., , 2007 . SDFZ, Silti Debre Zeit Fault Zone [e.g., Rooney, 2010] . Triangles are locations of broadband seismic stations. Grey dots are the locations of the EAGLE wide-angle profiles . Inset shows the regional tectonic setting and topography.
Tectonic Setting
∼2 km of flood basalts were erupted rapidly across the Ethiopian Plateau at ∼29-31 Ma [Mohr, 1983; Hofmann et al., 1997] prior to or concomitant with the onset of Red Sea and Gulf of Aden rifting [e.g., Wolfenden et al., 2004] . Additional shield volcanism since ∼30 Ma has added a further ∼2 km of local relief in regions of the Ethiopian Plateau [e.g., Kieffer et al., 2004; Beccaluva et al., 2009] . [7] The MER forms the third arm of the Red Sea, Gulf of Aden rift-rift-rift triple junction where the Arabian, Nubian, Somalian and Danakil Plates meet in Afar [e.g., Wolfenden et al., 2004, Figure 1] . Rifting in Ethiopia began during Miocene times within the Precambrian metamorphic crustal basement of the Pan-African Mozambique belt [e.g., Kazmin et al., 1978] . Extension in SW Ethiopia and northern Kenya commenced by ∼20 Ma with central and northern sectors of the MER developing between ∼18 and ∼10 Ma, respectively [e.g., WoldeGabriel, 1988; Wolfenden et al., 2004] . Large offset border faults formed along one or both sides of the rift (Figure 1 ) and are often marked by chains of silicic volcanic centers [e.g., Chernet et al., 1998].
[8] Deformation in the MER north of 8.5°N is thought to have migrated to the WFB some time in the interval 6.6-3 Ma, with an associated change from 130°E directed extension to 110°E directed extension [e.g., Wolfenden et al., 2004] . Geodetic data indicate that the direction of extension in the MER is N94°E at a rate of 7 mm a −1 [Fernandes et al., 2004] and it has been proposed that ∼80% of the present-day strain is localized within the MER [Bilham et al., 1999] . On the strength of this evidence, Ebinger and Casey [2001] proposed that the extension in Ethiopia has localized since ∼12 Ma, away from the Mid-Miocene border faults, toward en echelon chains of eruptive magmatic centers, dykes and small offset faults. Thus magmatic emplacement, not border faulting, increasingly dominates the rifting process after the initial stages of breakup [e.g., Ebinger and Casey, 2001; Keranen et al., 2004; Rooney et al., 2005; Keranen and Klemperer, 2007; Daly et al., 2008; Keranen et al., 2009] .
[9] Much of the Quaternary magmatic activity within the MER has occurred in discrete magmatic zones in the center of the rift in the WFB [e.g., Mohr, 1967; Ebinger and Casey, 2001] , where magmas fractionate at shallow (<5 km) depths [Rooney et al., 2007] . In other regions of Quaternary volcanic activity, such as the Silti Debre Zeyit Fault Zone (SDFZ, Figure 1 ), magma fractionation occurs at various depths throughout the ∼40 km thick crust [Rooney et al., 2005 [Rooney et al., , 2007 . Magmatic processes in the Afar Depression and MER continue to the present day in this seismically and volcanically active rift zone [e.g., Tadesse et al., 2003; Keir et al., 2005; Ayele et al., 2007; Brazier et al., 2008; Keir et al., 2009a] .
Data
[10] Broadband seismic data come from the EAGLE passive network of 20 Güralp CMG-40TD instruments and 9 CMG-3TD instruments with nominal spacing of 40 km covering a region 250 × 350 km of the MER and its uplifted flanks (Figure 1) [11] Eighty high signal-to-noise ratio Rayleigh and Love wave seismograms were selected from 23 local, regional and teleseismic earthquakes (Table 1) recorded at 20 of the EAGLE stations (Figure 1 ). The seismograms from local and regional earthquakes were used to determined source-to-receiver group velocity dispersion ( Figure 3) ; recordings from teleseismic earthquakes are used to determine interstation phase velocity dispersion. Data preparation involved deconvolution of the instrument Table 2 . The bottom right inset shows interstation paths used for phase velocity dispersion measurements. The station locations are denoted by the triangles and the earthquake locations are shown in the top left inset map. The interstation path characteristics are summarized in Table 3. response and rotation of the horizontal component seismograms into tangential components in order to analyze S H for Love waves; Rayleigh waves were analyzed using the vertical component.
Methodology
[12] Surface wave particle motions decay with depth dependent on their wavelength. As such their velocity is period-dependent. This period dependence can thus be exploited to resolve velocity as a function of depth. Serendipitously, while Rayleigh waves are predominantly sensitive to vertical shear velocity (S V ) along the great circle path between the source and receiver [e.g., Smith and Dahlen, 1973] , Love waves are sensitive principally to velocity tangential to the propagation direction (S H ). In tandem, therefore, SKS, Rayleigh and Love wave analysis can be used to resolve both depth dependence and mechanisms of seismic anisotropy [e.g., Brisbourne et al., 1999] .
[13] Group velocity dispersion governs energy propagation between source and receiver and therefore characterizes average Earth structure beneath the propagation path, or more precisely, ), and path azimuth, and characteristics for seismograms are surface wave type and period range. R and L denote Rayleigh and Love waves, respectively. The path azimuth is measured clockwise from north. EQ is the earthquake number, and N is the number of earthquakes.
beneath the influence zone surrounding the propagation path. Group velocity measurements (Table 2) were thus made from local earthquake data in the cases where the propagation path was within the MER (Figure 3 ). [14] Phase velocity dispersion governs the propagation speed of each harmonic component of the wave train. Earth structure was determined between the two points of phase measurements: the interstation propagation path. Data were sourced from earthquakes with a variety of epicentral distances and having interstation propagation paths covering a large range of azimuths. Figure 3 shows the earthquake locations and paths and Table 3 summarizes the measurement details. Group velocity dispersion is calculated from individual singlestation paths and characterizes average Earth structure between the source and the receiver. When two or more stations lie on approximately the same great circle path to the source, phase velocity dispersion can be determined.
[15] A two-step procedure was followed to determine the path-averaged Earth models. In the first step, for a given path and a given surface wave type, the group/phase velocity dispersion was calculated for the fundamental mode data. In the second step the dispersion data were matched by inversion with a theoretical dispersion curve for a suitably chosen layered Earth. The dispersion curves are calculated and inverted separately for Rayleigh and Love waves. Fundamental mode data were used, the frequency content of which enables resolution of shallow Earth structure to ∼50 km depth.
Determining Group and Phase Velocity Dispersion Curves
[16] Group velocity extraction is carried out by multiple-filter analysis [e.g., Dziewonski et al., 1972] . The aim of this technique is to construct an image of the energy distribution in frequency and time and to pick the maximum energy trajectory of a surface wave mode. This is achieved by filtering the signal with a sequence of narrow band-pass Gaussian filters of different central frequencies and in each case picking the group arrival time as the largest value of the amplitude envelope. Phase match filtering is then used to improve dispersion velocity estimates, reducing the effects of spectral holes, scattered energy and lateral refraction interference.
[17] Phase velocity is extracted from two wellcorrelated wave trains recorded at two or more stations, when the interstation path lies very close to the great circle path. The two-station method eliminates the need for earthquake source information since the amplitude and phase source terms are common to both seismograms, and restricts the 
Inverting for Upper Mantle Shear Velocity
[18] In this final step, group and phase velocity dispersion curves are inverted for Earth structure. Dispersion curves from a given surface wave type are inverted simultaneously when they are associated with the same two-station paths, or different paths but with similar azimuths. Measurements 11, 16, 17, 18, 19, 20, 33 and 12, 25 (Table 3) form two such dispersion curve groups.
[19] The inversion procedure involves the minimization of the misfit between the observed phase/ group velocities and those predicted from an Earth velocity model (Herrmann, Computer Programs in Seismology, 2003) . The misfit is modeled as:
where c obs (T i ) is the observed phase/group velocity at period T i , c p (T i ) is the phase/group velocity predicted from the shear velocity model b(z), b(z m ) is the shear velocity of the mth layer, Db(z m ) is the change in b(z m ) corresponding to c obs (
and M is the total number of depth layers.
[20] Equation (1) is solved iteratively for b(z) by damped least-squares, with layers of thickness 5 km to a depth of 100 km. A choice of damping type can be made between stochastic and differential, the latter of which seeks to minimize the differences in the interlayer model changes. A combination of the two damping types was used in this study, with the smoothing constraint inhibiting the development of low-velocity zones in the final models (Herrmann, Computer Programs in Seismology, 2003) . Examples of group velocity dispersion curves and interstation phase velocity curves are shown in Figures 4 and 5, respectively.
Results and Resolution
[21] In Figure 6 , S V and S H are presented as a function of azimuth for depths 10 km, 20 km, 30 km, 35 km, 40 km and 45 km. At 10 km depth S V is constantly less than S H for all azimuths (Figure 6a ). At 20 km depth (Figure 6b) , the crust appears isotropic, with no consistent patterns in S V or S H . At depths of 30-45 km, however, different and clear patterns emerge (Figures 6c-6f) . The maximum discrepancy between the two wave speeds occurs at ∼35°azimuth from north, approximately the strike of the Ethiopian rift axis (Figure 1 ).
[22] Figure 7 shows the average resolution tensors for the S V and S H models shown in Figure 6 . The resolution matrix maps the true model parameters into the estimated parameters and is an indication of the averaging of the true model parameters. The average resolution tensors show that velocity structure is resolved to ∼50 km depth, which confirms expectations from the frequency content of the data.
[23] Factors that may have introduced artifacts and bias into the results include (1) errors arising from lateral refractions, noise and scattering, such as multiple arrivals of scattered energy; (2) the lateral averaging of the computed Earth structure due to the nature of the surface wave propagation; and (3) deviations from great circle propagation. Bias from scattering and noise was minimized by only using highly coherent wave pairs for phase velocity measurements and by applying a phase-matching filter to the data in the group velocity extraction procedure.
[24] The retrieved Earth models represent the average Earth structure within a finite zone surrounding the surface wave source-receiver or twostation path, commonly termed the "influence zone." There is, therefore, a danger of contamination of the rift valley Earth models from the surrounding plateaus. The size of the influence zone width is of some debate [e.g., Spetzler and Snieder, 2001; Yoshizawa and Kennett, 2002; Yang and Forsyth, 2006; Chevrot and Zhao, 2007] , but it is generally of the order of the first Fresnel zone. The width of this zone is a function of the epicentral distance, the position on the wave path, and frequency. In particular, it increases with epicentral distance and surface wave mode rank, and it is largest at the midpoint of the source-receiver path [Pilidou, 2004] . Given the epicentral distances used and the frequency content of the data (period 5-50 s), the maximum width of the influence zone is not expected to exceed 50 km for models constrained by group velocity data and 80 km for models constrained by phase velocity data. The surface waves used therefore sample primarily the rift itself and significant contribution from the Earth structure beneath the surrounding plateaus of the Nubian and Somalian Plates is thus not expected.
[25] When deviation from the great circle propagation (GCP) is ignored, a systematic bias toward low velocities can be introduced in the calculated Earth models, as the assumed path length is shorter than, or in the best case equal to, the actual traveled distance, which in turn results in the underestimation of the propagation speed. Numerous studies have investigated the importance of the GCP assumption in Earth structure calculations [e.g., Yoshizawa and Kennett, 2002; Ritzwoller et al., 2002; Alsina and Snieder, 1995] . The departure from the GCP is more severe when surface waves cross major geological structures such as oceancontinent boundaries, or mountain ranges and increases with decreasing period and increasing epicentral distance. Group velocity paths in this study do not pass through any major geological boundaries and are too short ( Figure 3 and Table 2 ) for any significant effect from deviations from the Figure 4 . Example of group velocity extraction and inversion for the anisotropic Earth structure. The data, recorded at station AMME, come from local earthquake 22 (see Table 1 ). The path and seismogram characteristics are shown in Table 2 GCP, despite the high frequencies used. Much longer paths were used for phase velocity measurements ( Figure 3 and Table 3 ) that do cross major boundaries and are prone to deviations from the GCP. However, such paths are indirectly discarded by only choosing to work with highly coherent waveform pairs that do lie on the expected GCP, as in the case of severe off-great circle propagation, the two wave pairs would arrive from different points of the focal sphere, and would lose correlation. The reliability and resolution of results in the depth range 0-50 km can thus be considered good.
Using Seismic Anisotropy to Resolve Earth Structure
[26] The speeds of horizontally propagating S V and S H waves traveling through anisotropic regions vary in similar fashions with azimuth, , for LPOand OMP-induced anisotropy. This variation is approximately cos(2) for S V and cos(4) for S H . However, the absolute velocity magnitudes and the difference between the two wave speed-azimuth distributions is distinctive for the two anisotropy mechanisms.
[27] Seismic anisotropy in the upper mantle is primarily caused by the LPO of olivine (and to a lesser extent enstatite) crystals in peridotite. Experimental work [e.g., Nicolas and Christensen, 1987; Ismaïl and Mainprice, 1998 ] and numerical simulations [e.g., Chastel et al., 1993; Blackman et al., 1996; Tommasi, 1998] show that the olivine crystal a axis [100] aligns with flow direction. This is most effective when the rock is deforming by dislocation creep, which is controlled by strain rate and history, grain size, temperature and fluid content. There is some variability in the magnitude of anisotropy observed in xenoliths of peridotite, but it is on average 5% [Ismaïl and Mainprice, 1998 ]. In general, such polycrystal rocks have triclinic elastic symmetry, but with peridotites this can be well approximated with an orthorhombic symmetry [Blackman and Kendall, 2002] . Anisotropy is often observed to decrease beneath 220 km [e.g., Montagner, 1994] , possibly due to a transition from dislocation to diffusion creep, which is less effective in producing LPO [Karato, 1992] .
More recently it has been proposed that at high pressures the dominant slip direction in olivine changes to the c axis [001] , which produces little aggregate anisotropy [Mainprice et al., 2005] .
[28] Figures 8a-8f show P wave and S wave velocities as a function of propagation direction for a peridotite from Tanzanian upper mantle xenoliths [Vauchez et al., 2005] . P wave velocities are fastest Figure 5 . Interstation phase velocity dispersion curves and the inverted Earth models associated with measurement 23 (see Table 2 ). The data come from the recording of teleseismic earthquake 12 (see Table 1 ) at stations GEWE, NURE, DONE and AMME, which approximately lie on the great circle path. Rayleigh wave (a) dispersion fit and (b) inverted S V model. Love wave (c) dispersion fit and (d) inverted S H model. In both cases the red lines denote the Earth models and the predicted dispersion curves, whereas the error bars define the observed dispersion curves, and the dashed blue lines denote the initial shear velocity models. in the flow direction, while shear wave splitting is minimal for S wave propagation in the flow direction. With horizontal flow, a near-vertically propagating shear wave (e.g., SKS) will show large amounts of shear wave splitting and the fast shear wave will be polarized in the direction of flow. Assuming horizontal flow and horizontal wave propagation, the largest shear wave splitting will occur in directions near normal to the flow direction and horizontally polarized shear waves (S H ) will be faster than vertically polarized shear waves (S V ); consequently, Love wave analyses will yield faster shear wave models than those derived from Rayleigh waves. Love-Rayleigh models will be Tables 2 and 3 . In each plot, the S V and S H wave speed values are plotted, through which natural smoothing splines are drawn.
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more similar for surface waves propagating in the flow direction.
[29] The preferred alignment of inclusions will also produce a long-wavelength anisotropy, provided the periodicity of the inclusions is much shorter than the seismic wavelength. In contrast, LPO is a more intrinsic cause of anisotropy and will not be seismic wavelength-dependent. Microcracks vertically oriented parallel to the regional stress field are thought to be the main cause of anisotropy in the shallow crust [e.g., Crampin, 1994] . The resulting style of anisotropy is often referred to as azimuthal anisotropy as it produces azimuthal variations in velocities, and is often approximated by hexagonal symmetry with a horizontal symmetry axis or horizontal transverse isotropy.
[30] In addition to LPO, periodic thin layering (PTL) of materials with contrasting velocities (e.g., volcanics and sediments) can also influence aggregate seismic properties [e.g., Valcke et al., 2006] , and can be very effective in generating long-wavelength anisotropy [Backus, 1962] . If the layering is horizontal, the medium will look like a homogeneous hexagonally symmetric material with a vertical symmetry axis. This is commonly referred to as vertical transverse isotropy. Such media are distinctive because they lack azimuthal variation in velocity and do not exhibit significant shear wave splitting in vertically traveling shear waves. Thus, while body wave studies of seismic anisotropy in Ethiopia to date [Gashawbeza et al., 2004; Kendall et al., 2005 Kendall et al., , 2006 Keir et al., 2005; Hammond et al., 2010] are insensitive to PTL anisotropy, surface wave study will illuminate it as an azimuth-independent discrepancy between S H and S V .
[31] The preferred alignment of melt inclusions is a very effective way to generate anisotropy [e.g., Kendall, 1994] . The magnitude of the anisotropy is not only sensitive to the volume fraction of the melt, but to the shape of the melt inclusions as well. For example, thin disk-like inclusions are more effective in generating anisotropy than long tube-shaped inclusions [Kendall, 2000] . Spherical melt pockets are the least effective shapes for generating anisotropy. The shape and orientation of melt is controlled by wetting angles and strains in the medium [Schmeling, 1985; Faul et al., 1994] . As strain and melt fraction increases, the melt will begin to align along grain edges and then melt faces. Figure 8a shows directions of fast, slow, and medium P wave velocities, assuming a horizontal flow direction and a vertical flow plane as shown in Figure 8b . Figure 8c shows azimuthal variations in vertically and horizontally polarized shear waves (S V versus S H ). Velocities are those determined for a peridotite from a Labait xenolith, Tanzania [Vauchez et al., 2005] . Lower hemisphere pole figures show seismic velocities: P wave anisotropy is shown in Figure 8d , percent S wave splitting is shown in Figure 8e , and Figure 8f shows polarization of fast shear waves superimposed over S wave splitting contours. Flow direction is to the right, the flow plane is vertical, and the vertical direction is the center of pole figure. (g-l) Anisotropy due to OMP. Melt-induced anisotropy is modeled using theory of Tandon and Weng [1984] [see, e.g., Kendall, 2000] . Melt volume fraction is assumed to be 0.1%, and the melt lies in disk-like pockets (oblate spheroids) with an aspect ratio of 0.02. Modified after Kendall et al. [2006] .
[32] Figures 8g-8l show P and S wave velocities in a medium with vertically oriented melt pockets (OMP) that are tabular and disk-like in shape. Melt-induced anisotropy is modeled using theory of Tandon and Weng [1984] [see, e.g., Blackman and Kendall, 1997; Kendall, 2000] . Melt volume fraction is assumed to be 0.1%, and the melt lies in disk-like pockets (oblate spheroids) with an aspect ratio of 0.02. Such melt inclusions are designed to mimic the geometry of dykes that are believed to penetrate the upper crust in regions of Ethiopia where intrusions have been observed by inSar study [e.g., Hamling et al., 2009; Keir et al., 2009b] .
[33] P wave velocities are highest for wave propagation parallel to the melt pockets, and shear wave splitting is largest in these directions. For directions of horizontal wave propagation parallel to the OMP, vertically polarized shear waves (S V ) are faster than horizontally polarized shear waves (S H ).
With surface waves, Love waves would produce a slower shear wave model than that derived from Rayleigh waves. No shear wave splitting occurs when waves propagate in a direction normal to the flat face of the inclusion. These diagnostics of wave propagation in various styles of anisotropy can be used to help guide interpretations of the cause of anisotropy.
6. Discussion
Mechanisms for Anisotropy in Ethiopia
[34] Surface wave analysis has been used to gain a better understanding of the mechanisms for anisotropy beneath the MER. Results show that in the uppermost crust (Figure 6a ), PTL anisotropy dominates, with S H > S V for all sampled azimuths, consistent with field geological observations of layered basalts and sediments near the surface. Deeper in the upper crust there is little systematic variation of S V and S H with azimuth (Figure 6b ), indicating that Pan-African basement fabric at these depths may be largely isotropic. At greater (>20 km) crustal depths, however, the nature of S V and S H azimuthal variations changes markedly, with S V faster than S H by up to 0.6 kms −1 , implying a ∼14% anisotropic fabric. This magnitude of anisotropy in the depth range 20-90 km would predict dt ≈ 2.3 s splitting in SKS phases, as is observed . These large discrepancies between S V and S H are at ∼35°azi-muth from north, approximately the strike of the Ethiopian rift axis (Figure 1 ). This azimuthal maximum is consistent with predictions for OMPinduced anisotropy at depths between ∼20 km and the base of the lithosphere at ∼50 km (Figure 7) , assuming that the ellipsoidal melt pockets are aligned parallel to the rift. Below the lithosphere, LPO anisotropic fabrics are expected to dominate [e.g., Debayle et al., 2005; Sebai et al., 2006; Sicilia et al., 2008] .
[35] The OMP hypothesis proposed here was suggested by the earlier SKS studies of Ayele et al. [2004] and Kendall et al. [2005 Kendall et al. [ , 2006 , and by the local earthquake shear wave splitting study of Keir et al. [2005] . They noted that fast polarization directions within the MER mirror a shift from N130°E to N110°E directed extension at ∼2 Ma, when surface geological studies infer that crustal strain localized toward the WFB [e.g., Wolfenden et al., 2004] . While the surface wave observations of S V and S H could be produced by a model of vertically aligned olivine in the MER lithosphere, the large SKS splitting delays could not (such a fabric would predict dt close to zero). Similarly, rift parallel LPO that could explain the SKS observations would contradict the azimuthal variations shown in Figures 6c-6f for S V and S H . The present study, therefore, in conjunction with the SKS results, presents not only a clear case for presentday melt beneath the MER, but the mechanism by which it is incorporated into the lithosphere during breakup.
[36] The similarity of the azimuthal variations in S V and S H presented in Figure 6 with the OMP model presented in 8b indicate not only that a high percentage partial melt resides beneath the MER, but that it exists in low aspect ratio inclusions. Modeling of InSAR data indicates that recently intruded dykes in Ethiopia are of the order of meters wide, and kilometers long [e.g., Keir et al., 2009b; Hamling et al., 2009] . The anisotropic study here indicates that intrusions of similar geometry characterize the entire lithosphere below the brittle upper/middle crust.
[37] At depths greater than those analyzed in the present study, surface wave tomography indicates azimuthal anisotropy is complex beneath the region [Debayle et al., 2005; Sebai et al., 2006; Sicilia et al., 2008] . At these depths in the upper mantle, it is likely that LPO of olivine is the dominant cause of seismic anisotropy [e.g., Zhang and Karato, 1995] . The LPO hypothesis at depth is consistent with regional-scale tomographic studies that image a broad (∼500 km wide) low-velocity zone beneath Ethiopia that likely connects to the underlying African Superplume [e.g., Benoit et al., 2006; 
Implications for the Evolution of Rifting
[38] The results presented here indicate the presence of melt intrusions beneath the MER to a depth of at least 50 km, but the inferred melt is not confined to the ∼20 km wide WFB, the present-day locus of strain. At this latitude (∼7-10°N), rifting began relatively recently (8-12 Ma [Wolfenden et al., 2004] ) compared to southern (∼18 Ma [WoldeGabriel et al., 1990] ) and northern MER (∼29-26 Ma [Wolfenden et al., 2005] ). Using l = ffiffiffiffiffi Dt p with l ≈ 30 km and the thermal diffusivity D = 1 mm 2 /s [Turcotte and Schubert, 1982] the time t for a significant change in thermal anomaly in the MER mantle would be ∼20 Ma. Hence, thermal anomalies generated by upwelling asthenosphere since the onset of rifting in the MER have had insufficient time to decay and the effects of decompression melting beneath the entire MER are therefore expected to persist today. Elsewhere in Ethiopia (e.g., southern and central Afar) the longer period of time elapsed since the production of stretching-related decompression melts means that the asthenosphere has now had time to cool by conduction to the surface . Consistent with this hypothesis, shear wave splitting delay times peak at ∼7-10°N in the MER, where mantle velocities are amongst the lowest worldwide . The hot, upwelling mantle beneath the MER thus provides an abundant rift-wide source of magma that is presently available for incorporation into the lithosphere during rifting.
[39] The presence of melt-filled cracks caused by magma injection reduces the strength of cold, thick lithosphere, thereby facilitating rifting when largescale tectonic forces required to cause extension by faulting or ductile stretching of the crust may be an order of magnitude too small [Buck, 2004 [Buck, , 2006 . The OMP hypothesis is therefore consistent with time-sensitive measurements such as MT [Whaler and Hautot, 2006] , seismicity studies [Keir et al., 2009a] and geochemical studies of MER Quaternary magma genesis [Rooney et al., 2005 [Rooney et al., , 2007 Figure 9. Suggested anisotropy mechanisms of the Ethiopian rift mantle: layering of seismically fast and slow layers in the top ∼10 km and underlying OMP due to melt intrusion into the MER lithosphere. LPO in the asthenosphere due to large-scale mantle flow associated with the superplume.
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Geosystems G 3 G that all suggest ongoing dyke intrusion is accommodating extension in the MER, without marked crustal thinning [Dugda et al., 2005; Stuart et al., 2006; Cornwell et al., 2010] .
Conclusions
[40] Group velocity and interstation phase velocity measurements from both local and teleseismic earthquakes have been used to constrain mechanisms of seismic anisotropy in the crust and upper mantle beneath the Ethiopian rift. Three mechanisms are identified: (1) Periodic thin layering (PTL) anisotropy in the uppermost crust characterizes the sediments and basalt flows near the surface. (2) Between ∼20 and ∼50 km depth surface wave results, in conjunction with existing studies of SKS shear wave splitting in the MER, indicate that oriented melt pocket (OMP) type anisotropy dominated the observations. (3) At greater depths in the mantle, anisotropy is caused by olivine LPO. These conclusions are summarized in Figure 9 . These results confirm that previously reported zones of dense, seismically fast, and partially molten zones of intrusion in the MER crust are composed of low aspect ratio melt inclusions (dykes and veins). The MER is thus a type example of an active magma assisted rift and our results join a growing body of evidence from rift settings worldwide that now recognize the importance of magma intrusion during breakup. Such observations have significant implications for the improved estimation of stretching factors and the thermal evolution of potentially hydrocarbon-rich passive margins.
